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Initiation of DNA replication must be restricted to
occur only once per cell cycle. In most bacteria,
DnaA protein binds replication origins and promotes
the initiation of DNA replication. We have found that in
Bacillus subtilis, DnaA only colocalizes with origin
regions at early or late stages of the cell cycle, when
the replication machinery is assembling or disassem-
bling, respectively. In contrast, DnaA colocalizes with
the DNA replication machinery during most of the cell
cycle. Indeed, we present evidence that a primary
function of YabA, a negative regulator of replication
initiation, is to tether DnaA to the polymerase-clamp
protein DnaN. Thus, YabA ensures that once the ori-
gin is duplicated, it moves away from the replisome
and from DnaA. We propose that DnaA colocalization
with origins is specific to the time of initiation, and that
replisome/YabA-mediated spatial sequestration of
DnaA prevents inappropriate reinitiation of DNA
replication.
INTRODUCTION
Initiation of replication must occur only once within the cell cycle
during steady-state growth for all types of cells. Loss of initiation
control leads to severe growth defects or is lethal. Consequently,
replication initiation and prevention of reinitiation must be tightly
regulated in all cells (Boye et al., 2000). In eukaryotic cells, initia-
tion proteins such as Cdc6 and the Mcm complex can only asso-
ciate with DNA in the absence of Cdk1 and Cdk2 activity, which is
low in G1 phase. However, they can only trigger replication in the
presence of Cdk activity, which is increasing during S1 phase, en-
suring that new initiation complexes cannot form after replication
has begun (for review, see Bell and Dutta, 2002; Diffley, 2004).
In most eubacteria, initiation is mediated by the conserved
DnaA protein. DnaA is a DNA-binding ATPase, whose gene is
usually located right next to the origin region of replication
(oriC) on the chromosome. In E. coli, DnaA binds to three high-Developmaffinity dnaA boxes within oriC during most of the cell cycle
and extends this binding to additional sites prior to initiation,
leading to the formation of a DnaA supercomplex that locally re-
models the DNA, triggering localized strand separation at nearby
AT-rich sites (Bramhill and Kornberg, 1988; Nievera et al., 2006).
Loading of the replication helicase DnaB (DnaC in B. subtilis)
follows strand opening at oriC and elicits loading of the whole
replication machinery (Baker and Bell, 1998; Carr and Kaguni,
2002). Although DnaA-mediated replication initiation is highly
conserved in bacteria, the mechanisms of initiation control are
not. This process is relatively well understood in E. coli and close
relatives, where initiation is controlled at three levels: the regula-
tory inactivation of DnaA mediated by the Hda protein (termed
RIDA), the control of origin sequestration mediated by SeqA
and DNA methylation/hemimethylation, and the titration of
DnaA at the datA locus (Camara et al., 2003; Kato and Katayama,
2001; Kitagawa et al., 1998; Skarstad et al., 2000; for a recent
review, see Kaguni, 2006). It is unclear how initiation is regulated
in other bacteria. For example, there are no homologs of Hda and
SeqA, nor is there a Dam methylation system, in Gram-positive
bacteria. A negative regulator of replication initiation, YabA,
has been identified in the model organism B. subtilis (Hayashi
et al., 2005; Noirot-Gros et al., 2006). YabA is present as a tetra-
mer in vitro, mediated by its N-terminal domain (expected to
form a leucine zipper), and binds to both DnaN and DnaA using
two partially overlapping motifs close to and within a Zn hook
structure at its C terminus. YabA localizes to the replication
machinery throughout the cell cycle, for which it requires both
DnaN- and DnaA-binding motifs. In the absence of YabA, initia-
tion of replication is highly deregulated, and cells contain multi-
ple origin copies, showing that YabA downregulates initiation
events (Hayashi et al., 2005; Noirot-Gros et al., 2006). However,
it is unclear how the centrally located YabA protein can nega-
tively influence binding of DnaA to DnaA boxes at the replication
origins. In this work, we visualize the subcellular localization of
DnaA in live cells and find that DnaA colocalizes with the origins
during a short period of the cell cycle, around the initiation time,
and that YabA tethers DnaA to the replication machinery during
most of the cell cycle. Our data suggest a model where spatial
restriction of DnaA plays an important role in the prevention of
reinitiation during the cell cycle.ental Cell 15, 935–941, December 9, 2008 ª2008 Elsevier Inc. 935
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GFP-DnaA Colocalizes with the Replication Machinery
throughout Most of the Cell Cycle
To study the localization of DnaA, we generated an N-terminal
GFP fusion that is fully functional (see Supplemental Data avail-
able online) and used slow growth conditions (minimal fructose
medium at 25C, generation time of 93 min; Table S1), where
rounds of replication are expected to be slightly overlapping.
The origin/terminus ratio was 2.06 (±0.16) for GFP-DnaA-
expressing cells under experimental conditions (Table S1). The
number of origins visualized through CFP was 1.82 origins per
cell on average (data not shown). These data show that in many
cells, initiation of replication occurs early in the cell cycle, and
termination occurs toward the end, although in a considerable
fraction of cells, rounds of replication are overlapping, i.e., initia-
tion occurs late in the cell cycle, before cell division is completed.
Interestingly, GFP-DnaA was not dispersed throughout the
cells, or throughout the nucleoids, but formed discrete foci (in
86.2% of the cells, with 450 cells analyzed), generally one and
rarely two per cell, on the nucleoids (Figure 1A). Single foci were
found in small and mid-sized cells, while two foci were present
only in large cells (Figures 1A and 1B), showing that GFP-DnaA
localizes to specific sites on the nucleoids in a cell-cycle-depen-
dent manner. To verify the localization of the GFP fusion, we
performed immunofluorescence microscopy (IF) using specific
anti-DnaA serum. We employed a protocol using glutaraldehyde
fixation, as previously described (Pogliano et al., 1995). Figure 1B
shows that wild-type cells contained a single DnaA foci (73% of
all cells analyzed), generally close to the cell center, and less
frequently two foci (10% of all cells), one within each cell half,
while 17% of the cells did not show any staining or an irregular
pattern of foci. These data support the correct localization pattern
of the GFP-DnaA fusion.
In a previous report using IF, DnaA was found to be delocal-
ized throughout the cytoplasm (Imai et al., 2000). When we
used methanol fixation as in the previous study, GFP-DnaA as
well as YabA-GFP were found to be delocalized throughout the
cells, unlike with glutaraldehyde fixation, where GFP-DnaA foci
persisted (Figure S2). These findings suggest that methanol
fixation alters the localization of DnaA, possibly by disrupting
the protein/protein interactions involved in the clustering of
DnaA at the cell center.
Single GFP-DnaA foci were predominantly found at the cell
center in small to middle-sized cells (1.7 to about 3 mm), whereas
two foci were found—one each—close to the quarter positions in
large cells (>3 mm; Figures 1A and 2B). This pattern of localization
is highly reminiscent of the DNA polymerase complex (replica-
tion machinery [RM]), which forms one or two foci in a cell-cycle-
dependent manner in slow-growing cells (Lemon and Grossman,
1998). Indeed, YFP-DnaA foci were coincident with DnaX-CFP
foci (DnaX is the tau subunit of the RM) in 70.4% of all cells
(Figure 2A). Time-lapse microscopy of YFP-DnaA foci showed
that these were not stationary, but moved around the cell center
within a time scale of minutes (data not shown), in agreement
with recent findings that the central replication machinery is
not completely stationary (Migocki et al., 2004). Thus, the extent
of colocalization of DnaX-CFP and GFP-DnaA foci is likely under-
estimated.
At higher growth rates, the number of RM foci increases
concomitant with the number of replication forks (Lemon and
Grossman, 1998). Similarly to the pattern shown by the DnaX-
CFP fusion, cells contained predominantly two, three, or four
YFP-DnaA foci at higher growth rates (i.e., rich medium at
37C, 31 min doubling time, ori/ter ratio of 4.10 ± 0.57) (Fig-
ure 1C), and only single or no foci during slow growth (minimal
medium with succinate as the carbon and energy source,
180 min doubling time, ori/ter ratio of 1.2 ± 0.03) (Figure 1D).
These experiments show that DnaA accumulates at the RM
throughout the largest part of the cell cycle.
Spatial Sequestration of DnaA from Origin Regions
Soon after initiation of replication, origin regions of the chromo-
some are moved toward opposite cell poles by an active mech-
anism (Webb et al., 1998). Already in cells larger than 2 mm, origin
regions are positioned away from the cell center, one within each
cell half (Figure 2B, inset). In contrast, DnaA colocalizes with the
replication machinery at the cell center for an extended time
during the cell cycle (Figure 2B). Thus, a time window exists in
middle-sized cells, when origins and DnaA show different local-
ization patterns, suggesting that a substantial number of DnaA
molecules may be spatially withheld from origin regions after
initiation of replication. To test this idea, we localized origin
regions labeled through LacI-CFP binding to an array of lacO
sequences, YFP-DnaA, and DnaX-mCherry in exponentially
growing cells under conditions of nonoverlapping rounds of
replication. YFP-DnaA foci frequently colocalized with single or-
igin-CFP foci in small cells up to 2.25 mm, with 90% of these cells
showing such a pattern of localization (Figure 2C; 10% lacked
a CFP or YFP signal). In 45% of small cells, DnaA and origins
were colocalized but no DnaX-mCherry signals were detectable
(Figure 2C), while in 40% of small cells, DnaX-mCherry colocal-
ized with origins and YFP-DnaA (Figure 2D, 115 cells analyzed).
The remaining 15% of small cells contained separate foci or
lacked CFP or YFP signals. Thus, early in the cell cycle, DnaA
is usually accumulated at origin regions.
Figure 1. Localization of GFP-DnaA in Live Cells
(A) GFP-DnaA forms discrete foci on the nucleoids; ends of cells (septa) are
indicated by white lines.
(B) Immunofluorescence on PY79 wild-type cells.
(C and D) YFP-DnaA foci (and DnaX-CFP foci) in cells grown in rich (C) or poor
(D) medium. Grey bars, 2 mm.
936 Developmental Cell 15, 935–941, December 9, 2008 ª2008 Elsevier Inc.
Developmental Cell
Control of Replication Initiation in BacteriaIn 90% of cells in the 2.25–3.2 mm range, a YFP-DnaA focus
was found at a central position, well separated from the bipolar
origin regions (10% showed no YFP-DnaA foci) and invariably
colocalized with DnaX-mCherry (Figure 2E; 240 cells analyzed).
In the largest cells (>3.2 mm), the following patterns of localization
were seen: 36% of the cells contained a central YFP-DnaA focus
colocalizing with a DnaX-mCherry focus and two bipolar origin-
CFP signals (Figure 2F, upper cell); 52% of the cells contained
two bipolar YFP-DnaA foci (Figure 2F, lower cell), colocalized
89% of the time with origin regions; 12% of the cells showed
nonoverlapping foci or lacked one or both, CFP or YFP, signals.
In 60% of the cells containing bipolar YFP-DnaA/origin-CFP foci,
no DnaX-mCherry foci were detectable (these are 30% of all
cells >3.2 mm; 125 cells analyzed) (Figure 2F, lower cell). In
25% of the cells from the >3.2 mm range, one DnaX-mCherry co-
localized with one origin-CFP and YFP-DnaA focus (i.e., 13% of
cells >3.2 mm; Figure 2G, lower cell), and in 15%, bipolar origin-
CFP, YFP-DnaA, and DnaX-CFP foci colocalized (i.e., 8% of cells
>3.2 mm; Figure 2G, upper cell). These data show that after an
Figure 2. Localization of YFP-DnaA through
the Cell Cycle
(A) YFP-DnaA frequently colocalizes with DnaX-
CFP.
(B) The position of GFP-DnaA foci to the nearest
cell pole, dependent on cell size. Black diamonds,
cells with a single YFP-DnaA focus; open squares,
a YFP-DnaA focus closest to the cell pole in cells
with two foci; open triangles, a YFP-DnaA focus
furthest from the cell pole in cells with two foci.
Inset: position of origin regions to the nearest cell
pole. Symbols according to those used for
YFP-DnaA.
(C–G) Predominant localization patterns in cells
within different ranges of cell size (with cell size in-
creasing from [C] to [G]): origin regions (tagged
with LacI-CFP binding to a lacO cassette) in red,
YFP-DnaA in green, DnaX-mCherry in yellow.
White lines indicate septa between cells. Overlays
of all three colors are shown.
(H) Cells expressing GFP-DnaN from an ectopic
site on the chromosome.
(I) GFP-DnaN in DyabA cells. Overlay of mem-
branes (red) and GFP (green), or GFP (green) and
DNA (purple). Grey bars, 2 mm.
initial phase in which DnaA is associated
with origin regions, presumably to initiate
replication (or where replication has initi-
ated shortly before the last cell division),
the origin regions are spatially separate
from the centrally sequestered DnaA mol-
ecules, such that a large number of DnaA
molecules are unable to reassociate with
origin regions. Only late in the cell cycle,
when the RM is close to termination of
replication or has terminated, are DnaA
molecules observed to reassociate with
origin regions to initiate replication in the
next cell cycle or to initiate shortly before
cell division occurs (note that most cells
divide at a cell size between 3.75 and 4 mm under our growth
conditions, but some cells reach an even larger size; Figure 2B).
This model is in agreement with the determined origin/terminus
ratio of 2 (Table S1), under which a majority of cells have non-
overlapping rounds of replication, but where a considerable
fraction of cells initiate replication in the previous cell cycle and
thus enter the new cell cycle with two active replication forks.
YabA Tethers DnaA to the Replication
Machinery via DnaN
How is the spatial sequestration of DnaA mediated? YabA has
a similar localization pattern to DnaA and interacts with DnaA in
yeast two-hybrid and chemical crosslinking assays (Noirot-
Gros et al., 2006). When we attempted to colocalize DnaA and
YabA, however, use of immunofluorescence for dual labeling
was unsuccessful, and cells expressing both CFP-DnaA and
YFP-YabA grew slower than wild-type cells but faster than
yabA mutant strains, indicating that the GFP tags on both pro-
teins interfere with their interaction. Given this caveat, it is still
Developmental Cell 15, 935–941, December 9, 2008 ª2008 Elsevier Inc. 937
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YFP-YabA colocalized in a single focus, or rarely in two foci, in
>95% of all cells (data not shown). Based on the findings that
both DnaA and YabA colocalize with DnaX in a majority of cells
(Figure 2A) (Hayashi et al., 2005; Noirot-Gros et al., 2006), it is
reasonable to assume that YabA and DnaA also colocalize
throughout a large fraction of the cell cycle. If the function of
YabA is indeed to tether DnaA to the RM, it follows that in the
absence of YabA, no RM-localized GFP-DnaA foci should be
present in growing cells. Indeed, inDyabA cells, GFP-DnaA local-
ized throughout the cells (Figure 3B), with randomly positioned
accumulations being present in 25%–35% of the mutant cells.
However, these accumulations were considerably less bright
than the RM-associated foci in wild-type cells (Figure 3A). Be-
causeDyabA cells display a >2-fold higher number of oriC copies
(that are distributed throughout the nucleoid) than wild-type cells
(Table S1), we speculated that the observed GFP-DnaA accumu-
lations are associated with oriC sequences. To test this, we
created a yabA deletion strain in which DnaA and origin regions
can be observed. Strikingly, YFP-DnaA foci colocalized with the
origin region in 96% of all cells analyzed (220; Figure 3C). Thus,
in the absence of YabA, DnaA is no longer tethered to the replica-
Figure 3. Localization of YFP-DnaA in Wild-Type and Mutant Cells
(A–F) (A) Wild-type, (B) yabA deletion strain, (C) yabA deletion strain expressing
LacI-CFP decorating origin regions, (D) yabAaim mutant, (E) yabAnim mutant,
(F) yabAaim mutant expressing YabAnim from an ectopic locus.
(G) Wild-type cells expressing DnaX-CFP 30 min after addition of HPura, which
blocks polymerase C activity. White lines indicate ends of cells, as shown with
membrane staining or Nomarski DIC imaging. Grey bars, 2 mm.938 Developmental Cell 15, 935–941, December 9, 2008 ª2008 Elsetion factory, but is free to bind to oriC at any time during the cell
cycle, leading to overinitiation of replication. Clearly, this is highly
detrimental to the cell, because yabA mutant cells grow very
slowly, 2-fold slower than wild-type cells at 37C (Table S1),
and 3-fold slower than wild-type cells (180 min versus 63 min)
at 30C in minimal medium.
How might a tetramer tether many DnaA molecules to the
replication factory? It is possible that YabA tetramers crosslink
many DnaA and DnaN molecules, which are linked to the replica-
tive polymerases via the active DnaN clamp. Indeed, GFP-DnaA
is delocalized in a yabA mutant defective in DnaN binding (but
not in DnaA binding) termed YabAnim (Figure 3D), as well as in
a YabAaim mutant defective in DnaA binding (but not in DnaN
binding) (Figure 3E). Note that in these yabA mutant strains,
the high level of GFP-DnaA fluorescence is likely masking most
oriC-associated accumulations (only about 5% of the mutant
cells showed detectable foci) similar to those observed in the
DyabA cells. Moreover, GFP-YabAaim and GFP-YabAnim are
delocalized, whereas both fusion proteins complement each
other to form assemblies at the RM (Noirot-Gros et al., 2006).
Likewise, concomitant expression of YabAaim and of YabAnim
can recruit GFP-DnaA to the RM (albeit only in 58.5% of the cells,
in contrast to 87% of wild-type cells; Figure 3F; note that fluores-
cence intensity of the foci is similar to that in wild-type cells),
indicating that DnaA and DnaN form a YabA-mediated protein
network at the replication machinery. Such a network is further
supported by our finding that GFP-DnaN expressed from an
ectopic site on the chromosome forms a single focus at the
cell center (Meile et al., 2006) (although only eight molecules
are required for replication, and although normal levels of non-
tagged DnaN are present in the cells) (Figure 2H), whereas in the
absence of YabA, GFP-DnaN forms disorganized patch-like
structures on the nucleoids (Figure 2I). Therefore, this network
does not only sequester DnaA from origin regions, but also helps
generate the visible concentration of DnaN at the RM.
Blocking of Progression of the Replication Fork Alters
the Pattern of Localization of DnaA
DnaA also acts as a transcription factor. Grossman and co-
workers have shown that addition of HPura, which arrests DNA
polymerase in Gram-positive bacteria such as B. subtilis, elicits
a general transcriptional response partially dependent on DnaA
protein in which >20 operons (50 genes) are induced, most of
which contain clear dnaA boxes in their promoter region (Gora-
nov et al., 2005). To test whether addition of HPura has an effect
on the localization of DnaA in live cells, we added the compound
to growing cells during exponential growth. After addition of
HPura, cells became elongated and contained single central
nucleoids after 30 min (data not shown), showing that the
compound was active. Interestingly, YFP-DnaA foci became
1.4-fold less bright (i.e., were reduced to 71%) 15 min after addi-
tion of HPura (data not shown), and 1.8-fold (55%) after 30 min
(Figure 3G; 125 cells analyzed). Additionally, 21% of the cells
that still contained visible DnaX-CFP signals (65% of all cells after
addition of HPura for 30 min) showed dispersed localization of
YFP-DnaA (Figure 3G, indicated by gray triangles). It must be
kept in mind though that at least 10% of the cells showing
DnaX-CFP foci do not contain visible YFP-DnaA foci in nonper-
turbed cells, due to focal drift and movement of foci. YFP-DnaAvier Inc.
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cated by white triangles), showing that a considerable portion
of DnaA is still retained at the replication machinery. Similarly,
central YFP-DnaA foci were still clearly detectable in dnaCts or
dnaEts cells after the shift to nonpermissive temperature (data
not shown). These data show that binding of DnaA to the replica-
tion machinery is relatively robust, possibly to prevent reinitiation
of replication during arrest, but that a block in replication results in
a decrease in the amount of DnaA colocalizing at the RM. We
speculate that many DnaA molecules may be released from the
RM, eliciting the observed response to a replication block, as
they are free to bind to promoters all over the chromosome.
DnaA Forms a High Molecular Weight Complex
Dependent on the Presence of YabA
To verify the formation of a complex containing DnaA and YabA
in vivo, and to gain insight into the nature of the complex, we
performed sucrose gradient centrifugation of cell extracts from
exponentially growing cells. It has been shown that purified DnaA
forms multimers on oriC DNA in vitro (Ozaki et al., 2008; Weigel
et al., 1997). Monomeric DnaA (50.7 kDa) would be expected to
have its peak elution in the second fraction, between 2.6S and
3.5S (corresponding to 45 and 66 kDa, respectively). It is appar-
ent from Figure 4A that DnaA formed monomers in extracts from
wild-type cells, but was also detectable at molecular sizes
greater than 6.5S (corresponding to 270 kDa). Most likely, these
latter fractions contain DnaA multimers. Additionally, DnaA was
also present in a discrete high molecular weight fraction (much
greater than 1 mDa) in wild-type cells (Figure 4A) and in cells
expressing YFP-YabA (Figure S3B). Strikingly, the formation of
this large molecular weight complex was abolished in the ab-
sence of YabA (Figure 4B). Interestingly, YabA was also present
in fractions larger than 6.5S, as well as in the discrete high molec-
ular weight complex in the last fraction, in cells in which dnaA is
driven by the Pspac promoter (Figure 4C) as well as in wild-type
cells (data not shown). YabA was hardly present in the first
fraction, where monomeric YabA (14 kDa) would be expected
(Figure S3C). Thus, in vivo, YabA forms multimers but not mono-
mers, in agreement with the finding that YabA forms tetramers
in vitro. However, the presence of YabA in fractions above 4.6S
(160 kDa), just like DnaA, suggests that YabA forms higher multi-
mers than tetramers, or is in complex with additional proteins in
these fractions. To test if the presence of YabA in the high molec-
ular weight fraction depends on DnaA, we used a strain in which
dnaA is driven by the IPTG-inducible Pspac promoter, and in
which DnaA can be depleted to about 30% of wild-type levels
(Figure 4E, upper panel, lane D). Four hours after removal of
IPTG, growth in the DnaA depletion strain arrested and nucleoids
became highly abnormal. Under this condition, YabA was no
longer visible in the high molecular weight complex (Figure 4D),
showing that the presence of YabA in the complex depends on
sufficient amounts of DnaA within the cell. These experiments
verify that DnaA and YabA form multiprotein complexes as well
as a super-weight complex in vivo, which depends on the
presence of both proteins.
Why is a large fraction of DnaA in a monomeric state and not
within the putative high molecular weight complex at the replica-
tion machinery? Purified DnaA, YabA, and DnaN do not form
a stable complex in vitro (Noirot-Gros et al., 2006), and, as shown
in the previous section, inhibition of replication frees a consider-
able amount of DnaA from the central replication machinery.
Additionally, disruption of cells most likely also disrupts replica-
tion complexes in many cells, leading to the dissociation of the
large complex. On the other hand, the presence of DnaA in the
highest sucrose fraction cannot be explained by the formation
of initiation complexes at origins, because the high molecular
weight complex was not detectable in yabA mutant cells, in
which initiation of replication occurs even more frequently than
in wild-type cells (Table S1). Therefore, the existence of the
high molecular weight complex shows that DnaA and YabA are
in a complex different from that formed at replication origins,
and thus most likely in a complex formed at the replication
machinery.
To gain insight into the cell-cycle-dependent formation of the
large DnaA complex, we used germination of spores to follow
a synchronized single cell cycle inB. subtilis cells. Spores contain
a single copy of the chromosome and can be induced to resume
Figure 4. Western Blots of Extract from Exponentially Growing Cells
Separated by Sucrose Gradient Centrifugation
(A) Wild-type cells, DnaA antiserum.
(B) yabA mutant cells, DnaA antiserum.
(C) Cells in which transcription of dnaA is driven by the IPTG-inducible Pspac
promoter during growth with IPTG, YabA antiserum.
(D) Cells in which transcription of dnaA is driven by the IPTG inducible Pspac
promoter, 4 hr after removal of IPTG.
(E) Loading controls for (A–D), using respective antisera, in whole-cell extracts
loaded onto sucrose gradients. (F) Western blot using DnaA antiserum of the
last fractions of sucrose gradients from extracts of germinating spores (last
lane in [A]). Time points are indicated above each lane.
(G) Loading control for (F).
(H) Stages of germinating cells are shown in images below the lanes. Images
show the shape of cells by membrane stain (upper panels), origin CFP signals
(middle panels), and DNA stain (lower panels).
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sion in growth medium (Graumann, 2000, and references
therein). The progress of germination was followed through
microscopic observation. Time point 1 was defined as the begin-
ning of the cell cycle, when the bright spore coats had been con-
verted to the normal phase dark cell wall, but no cell elongation
had occurred (Figure 4H). Origin signals visualized by LacI-CFP
binding to a lacO cassette integrated close to the origin region
were only visible in 10% of the cells at this time point, most likely
because of insufficient amounts of folded CFP. The first visible
elongation of cells was defined as time point 2, where most cells
still showed a single origin focus (i.e., still preinitiation of replica-
tion; 12% contained two origin signals), and the quantitative aris-
ing of cells containing two separated origin signals was defined
as time point 3 (Figure 4H). At this point, initiation of replication
must have occurred in most of the cells (85% contained two origin
signals). Cells containing two separate nucleoids (having an ori-
gin signal each) are shortly before cell division and were defined
as time point 4 (Figure 4H). Time points 1 and 4 were separated by
about 60 min, showing that germination is similar to a slow cell
cycle with nonoverlapping rounds of replication. Figure 4F shows
that at the beginning of the cell cycle, the high molecular weight
complex containing DnaA is barely detectable, and only slightly
more visibly at time point 2. However, in cells that have initiated
replication, a strong signal for the high molecular weight complex
is apparent (time point 3), which is also true for time point 4. As
a loading control, western bots of whole-cell extracts from germi-
nating cells showed that the amount of DnaA increases less than
2-fold between time points 1 and 2 (Figure 4G), likely due to the
increase in cell mass during germination. The amount of DnaA
remained constant between time points 2 and 4, most likely
due to autoregulation of DnaA. Thus, the high molecular weight
complex containing DnaA is only present in actively replicating
cells, but not before the initiation of replication, and persists until
the end of the cell cycle.
Conclusions
In toto, our data show that replication initiator protein DnaA
shows a cell-cycle-dependent accumulation at origin regions
early during the cell cycle in slow growing cells, while during
most of the remaining cell cycle, it is accumulated at the central
replication machinery, away from origin regions that are posi-
tioned close to the cell poles. Our data suggest the following
model for cell-cycle-dependent regulation of replication in
B. subtilis: At the beginning of the cell cycle, DnaA is able to
bind to origin regions of replication and to initiate replication,
possibly when a threshold concentration has been reached (Fig-
ure S4). Clearly, yet-unknown mechanisms must exist that medi-
ate initiation control at this point, which may involve ATP binding,
the ATPase activity of DnaA, and as yet unidentified factors.
Loading of the replication forks and the start of replication will
remove DnaA from the dnaA boxes. Rather than rebinding at
these sites, a large number of DnaA molecules are tethered to
the replication machinery via a YabA/DnaN protein network. A
DnaN dimer is newly added to the lagging strand with every
new priming event on the lagging strand and remains attached
to the DNA for some time after release of the lagging strand
polymerase (Bruck and O’Donnell, 2001). This process may sig-
nificantly increase the local concentration of DnaN, YabA, and940 Developmental Cell 15, 935–941, December 9, 2008 ª2008 ElsDnaA close to the replication forks (i.e., at the cell center). Origin
regions move away from the centrally located RM toward oppo-
site cell poles in a rapid manner (Webb et al., 1998), setting up
spatial sequestration of DnaA and thereby restricting DnaA activ-
ity. Concomitant with termination of replication, DnaA should be
released from the RM and can rebind to bipolar origin regions,
probably in a nonbiased, even manner (biased binding might
occur should origin regions still be close together). Initiation
can occur again after cell division, once sufficient DnaA levels
have been reached. This putative mechanism may be wide-
spread in bacteria that lack the E. coli type SeqA/methylation
and Hda systems. Interestingly, E. coli DnaA is at least partially
sequestered through binding to several dnaA boxes at the
datA locus, whose duplication binds and thus titrates hundreds
of DnaA molecules (Kitagawa et al., 1998; Morigen et al.,
2003). This sequestration through DNA binding is somewhat
analogous to the spatial sequestration occurring in B. subtilis.
Under faster growth conditions, the proposed model is still
applicable. Replication will terminate once per cell cycle, and
DnaA will bind to the multiple origins present in the cells. Repli-
cation will be initiated synchronously from all origins through
a trigger that remains to be elucidated. DnaA molecules will
again be sequestered to the multiple replication machineries
that are located at regular positions within the cells (Lemon
and Grossman, 1998), while origins are moved away from the
replisomes into opposite directions, which also occurs relatively
synchronously under fast growth conditions (Gordon et al.,
1997).
Interestingly, a block of the replication forks elicits a DnaA-
dependent (and RecA-independent) response, in which DnaA
binds to several promoters to enhance or decrease transcription
of more than 50 genes (Goranov et al., 2005). We have observed
that a replication block leads to a decrease in the intensity of the
central GFP-DnaA foci, suggesting that DnaA is released from
the replication machinery. Alternatively, DnaA may no longer
be sequestered at the replisome because no more DnaN clamps
are added to the blocked forks, and thus more DnaA is free to
bind to chromosome and elicit the observed response.
Many proteins of the RM accumulate at the cell center (e.g.,
DnaN, DnaX, DnaC, and DnaE; Dervyn et al., 2001; Lemon and
Grossman, 1998; Meile et al., 2006), although only few molecules
are actively involved at the replication forks. We suggest that
adaptor proteins may recruit replication proteins to the RM in
a flexible, network-like manner, similar to DnaA, DnaN, and
YabA.
EXPERIMENTAL PROCEDURES
Growth Conditions
Bacillus strains were grown in defined minimal glucocse medium, or rich (LB)
or poor (succinate minimal) medium at 25C. For induction of the xylose pro-
moter, glucose in S750 medium was exchanged for 0.5% fructose, and xylose
was added up to 0.5%. HPura (6-hydroxy-phenylazo-uracil) was added at
37 mg/ml to exponentially growing cells. Spores were obtained through growth
in Difco sporulation medium, and spores were purified and germinated as
described before (Graumann, 2000). The progress of germination was fol-
lowed through microscopic observation of the conversion of the spore coat
(first time point) and the first visible elongation of cells (time point 2), and the
arising of bilobed nucleoids (time point 3) and of two separate nucleoids
(time point 4). For construction of plasmids and generation of strains, please
see Supplemental Data.evier Inc.
Developmental Cell
Control of Replication Initiation in BacteriaMicroscopy
Cells were mounted on agarose gel pads containing S750 growth medium on
object slides. Images were acquired with a CoolSnap HQ CCD camera on
a Zeiss Axioimager microscope using a 1003 1.45A objective and Metamorph
6 software. None of the fluorescent proteins showed cross-bleed into other
channels (data not shown). DNA was stained with 40, 6-diamidino-2-phenylin-
dole (DAPI; final concentration 0.2 ng/ml), and membranes were stained with
FM4-64 (final concentration 1 nM).
Immunofluorescence
Cells were grown to mid-exponential phase and were fixed with glutaralde-
hyde according to Pogliano et al. (1995). Permeablized cells were treated
with 1:1000 diluted DnaA antiserum from rabbit, and with secondary
Alexa488-coupled secondary antibody (Molecular Probes/Invitrogen).
Sucrose Gradient Centrifugation and Western Blotting
Fifty milliliters of culture with an optical density of 1.5 was harvested and
disrupted. Supernatants were subjected to 5% to 20% sucrose gradient
centrifugation at 165,000 3 g for 15 hr. One milliliter fractions were removed
manually and were subjected to SDS-PAGE. Standard proteins used were
thyroglobulin (670 kDa, 12S), recombinant SMC protein (270 kDa, 6.5S),
g-globulin (158 kDa, 4.6S), bovine serum albumin (66 kDa, 3.5S), ovalbumin
(45 kDa, 2.6S), chymotrypsinogen (25 kDa), and cytochrome c (14 kDa). For
western blotting, specific antiserum raised against DnaA peptides or raised
against purified YabA or GFP was used.
SUPPLEMENTAL DATA
Supplemental Data include four figures, two tables, and Supplemental Exper-
imental Procedures and can be found with this article online at http://www.
developmentalcell.com/supplemental/S1534-5807(08)00392-4.
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